There has been recent interest in the use of surface-deployed geophysical methods to estimate soil moisture profiles. In this study, we applied multicoil, frequency domain, electromagnetic induction (eMI) geophysical surveys to determine electrical conductivity (s) profiles of the root zone of four winter wheat (Triticum aestivum L.) genotypes grown in a randomized block experiment with four replicates. field measurements of apparent electrical conductivity (s a ) were obtained at sites with two different soil textures. We used the cumulative sensitivity model to predict eMI conductivity data from the conductivity profile measured with electrical resistivity tomography (eRT) on a subset of the plots we investigated. During the inversion of the eMI data, conductivities were adjusted on all plots so that they were consistent with the eRT data. changes in electrical conductivity of field soil, with depth computed from inversion of the eMI data, during the growth period were compared with measured changes in soil water content. Laboratory measurements confirmed a positive correlation between electrical conductivity and soil water content. Between crop emergence and maturity, water extraction by the different wheat genotypes reduced the water content by up to 30% comparing changes in electrical conductivity between reference profiles determined shortly after crop emergence and electrical conductivity profiles at later dates as the crop matured, we were able to use eMI to remotely monitor moisture extraction by the roots of different wheat genotypes with depth and time.
R apid assessment of crop phenotypic traits (e.g., root architecture, leaf area index) is an important requirement for plant breeders (Araus and Cairns, 2014; Dodd et al., 2011) . Repeated measurement of soil moisture profiles may provide a method to infer root activity as a function of depth. Below the surface, root proliferation and architecture determine water extraction from the soil (Bengough et al., 2011) . Traditional methods to measure soil moisture profiles include: auger samples, bulk density tins, buried sensors (e.g., time domain reflectometry or frequency domain sensors) or sensors that use access tubes (e.g., neutron probes). These methods are invasive and labor intensive for repeated observations and only provide limited spatial resolution. The cost of buried sensors can become prohibitive when the number of plots becomes large. In some cases (auger samples or neutron probes), the temporal resolution is poor. Geophysical methods have been applied to large-scale mapping of soil properties, including: soil water content, soil water salinity, soil texture, and soil organic matter content (Corwin and Lesch, 2005) . Geophysical methods applied to agricultural studies include: electrical resistivity tomography (ERT) (e.g., Binley and Kemna, 2005) ; electromagnetic induction (EMI) (e.g., Brevik et al., 2006; von Hebel et al., 2014) ; and ground-penetrating radar (Vanderborght et al., 2013) . In this study, we used ERT and EMI techniques to map the soil electrical conductivity (s) to infer soil drying profiles beneath winter wheat.
An increase in soil water content generally increases the soil electrical conductivity (s) for a given porosity and texture (Archie, 1942) . Soil s is also a function of the pore fluid electrical conductivity and temperature (Corwin and Lesch, 2005) . Electrical resistivity tomography has been used to study the variation of soil electrical conductivity in the root zone (Srayeddin and Doussan, 2009; Furman et al., 2013) . It is best suited for use in electrically resistive environments such as dry soil. The disadvantage for agricultural applications is the requirement for galvanic contact between electrical probes and the soil, resulting in a disturbed soil surface and extensive electrical cabling. In contrast, EMI measures apparent electrical conductivity (s a ) noninvasively by inductive coupling (e.g., Mester et al., 2011) , without the need for contact with the soil surface. It is a quick and repeatable measurement method that can be used at the field and plot scales . Electromagnetic induction instruments measure s a , and this represents the weighted average of the soil s across a depth range that depends on the separation distance (s) between the transmitter and receiver coils as well as their orientation (McNeill, 1980) . When s is increased, the depth of soil contributing to the s a measurement increases (e.g., McNeill, 1980; Callegary et al., 2007) . Given a set of s a measurements obtained with different coil spacings and orientations, a vertical profile of soil conductivity can be estimated through inverse modeling (Mester et al., 2011; von Hebel et al., 2014) . Examples of EMI instruments applied to soil science include the EM-38, containing a single receiver coil in earlier models and a pair of receiver coils in the more recent MK2 version (Geonics Ltd.), the Dualem, which has two receiver coils (Dualem), and the CMD Explorer and Mini-Explorer, which have three receiver coils (GF Instruments).
A comparison of EMI measurements between two points in time makes it possible to separate the contributions of temporally dynamic soil properties (e.g., water content and pore water electrical conductivity) from the contribution of temporally stable soil properties (e.g., texture) . Socalled EMI time lapse can be used as a tool to observe changes in soil conductivity profiles in the root zone (Cassiani et al., 2012) with a view to making inferences about changes in water content profiles. There are two general approaches to invert EMI data: the first is based on the cumulative sensitivity (CS) approach (McNeill, 1980) ; the second is based on a solution to the Maxwell equation (Mester et al., 2011) . In this study, we adopted the CS approach because of its widespread use, its simplicity, and the computational efficiency of the resulting inverse model.
Our aim was to assess whether EMI measurements can provide a method to determine changes in soil moisture as a function of depth under growing crops. We studied four winter wheat genotypes grown on two field sites with different soil textures. Our objectives were: (i) to explore the use of EMI as a method to measure electrical conductivity-depth profiles that develop as a result of soil drying by roots of wheat; and (ii) to develop an approach to allow time-lapse data to be interpreted with simple functions, thus allowing a comparison between profiles of soil water extraction by different winter wheat genotypes.
MeTHODOLOGY soils and field site Data
In this study, we used two experimental field sites, Butt Close and Warren Field, located near Woburn, Bedfordshire, UK. Butt Close consists of a sandy loam soil and Warren Field a silty clay loam soil (Table 1) . Both sites are managed by Rothamsted Research. At a depth of approximately 40 cm on Butt Close there is a cemented layer, and beneath that there is almost pure sand. The vertical gradient in texture at Warren Field is negligible; however, the surface layer (approximately 30 cm) has a higher organic matter content and is less dense.
The experiment was fully randomized in four blocks. Each block contained 23 wheat genotypes and a fallow (uncultivated) plot, in plots 1.8 m wide and 7.0 m long, to give a total of 24 plots per block. Both sites had the same experimental design but with a different randomization of the position of each wheat genotype. For this study, we analyzed four contrasting wheat genotypes: (i) Mercia winter wheat carrying an introgressed Rht-B1c (formerly Rht3) allele, hereafter named Dwarf wheat; (ii) Hystar hybrid wheat (Saaten-Union Gmbh), hereafter named Hystar; (iii) Xi19 (Limagrain UK Ltd.); and (iv) Robigus (KWS UK Ltd.), using data collected from May to August in the 2013 growing season. The wheat was sown in early March 2013. Gravimetric soil water content (q g ) was determined from auger samples taken at 0.1-m depth intervals to the 1.0-m depth for all plots of the four wheat genotypes selected for this study. These measurements coincided with ERT and EMI measurements (see below) taken on approximately 16 May, 14 June, 21 June, 28 June, 9 July and 1 Aug. 2013 (exact dates for each site are indicated below).
calibration of Water content and electrical conductivity
In the laboratory, s and volumetric water content (q v ) were measured on samples of both soils to establish a relationship between these properties. Electrical conductivity was measured on repacked samples in three 5.3-cm-diameter and 4-cm-long cores from each soil. A four-electrode arrangement, with electrodes connected to a resistance meter (RM4, from Geoscan) was used to measure electrical conductivity. Volumetric water content was measured on a separate soil sample using a SM150 dielectric soil moisture sensor (Delta-T Devices Ltd.) connected to a datalogger. All of the cores were placed in a pressure plate apparatus, which was used to apply step changes in matric potential between 0.5 and 450 kPa. Before the start of the calibration, the soil samples were saturated with 0.05 mol L −1 NaCl, and the water content and electrical conductivity were recorded at equilibrium water contents.
electrical Resistivity Tomography
Electrical resistivity tomography measurements were made at both field sites on two of the four blocks. These data were later used to assist with analysis of the EMI data (see below). We used four 96-electrode arrays. Each array had electrodes measuring 0.1 m in length and 0.01-m diameter, inserted into the soil with 0.32-m separation, to give a 30.7-m-long array. A Syscal Pro electrical resistivity meter (Iris Instruments) was used to measure the apparent electrical resistivity (r a ) in a dipole-dipole electrode configuration to a maximum of eight levels (see, for example, Binley and Kemna, 2005) . These data were checked for reciprocity of measurements (Parasnis, 1988) and then inverted to give a two-dimensional distribution of soil resistivity using the Occam's based R2 (Version 2.7a) ERT inverse code (Binley, 2013) .
electromagnetic Induction
We used a CMD Mini-Explorer (GF Instruments) EMI instrument to make measurements of s a at three positions along the center line of the experimental plots (Fig. 1a) . The instrument is 1.3 m long and has a 30-kHz transmitter coil and three receiver coils at different spacings (s) from the transmitter (Fig. 1b; 0 .32, 0.71, and 1.18 m). The probe can be rotated by 90° (about the long axis) to orient the coils in a horizontal coplanar (HC) or a vertical coplanar (VC) position. The different coil spacings and orientations allow six measurements of s a to be made at a single position on the plot. From here on, we refer to an EMI measurement configuration as XCY, where X is either H, for horizontal coplanar, or V, for vertical coplanar, and Y is 1, 2, or 3 to indicate the coil spacing according to Fig. 1 . The effect of different coil spacings and orientations is to modify the volume of soil that influences the conductivity measurements made by the EMI instrument, with HC3 providing the greatest volume (and depth) of soil sensed by the receiver. The cumulative sensitivity function (McNeill 1980) for vertical coplanar orientation is given by
and for horizontal coplanar orientation is given by
where z is depth and s is the coil separation. They are plotted in Fig. 2 for the CMD Mini-Explorer. Before the field campaign, we developed a measurement protocol to minimize the effects of instrument drift. On each measurement occasion, the instrument was allowed to equilibrate to ambient temperatures for at least 1 h. A single location at each site, away from the plots, was monitored and established as a "drift base, " where the probe could be returned periodically during each day to assess for any instrument drift (Corwin and Lesch, 2005) . These assessments of instrument drift were then used to adjust all s a measurements. A measurement period of 1.0 s provided s a values with a reasonably low variability (root mean square error typically <2% for most soil conditions). The probe was kept 1.5 m from any metallic items (e.g., electrical cables) to prevent interference. To avoid any potential "operator effects, " the same person used the instrument throughout the study.
Predicting electromagnetic Induction Data from soil Profile conductivities Measured with electrical Resistivity Tomography
We used the ERT data to predict the apparent electrical conductivities of the soil within the centers of plots as measured with the Mini-Explorer instrument in the six receiver configurations. These predictions were based on the different CS functions for the different probe configurations ( Fig. 2 
where s ERTi are those electrical conductivity values inverted from the ERT data at depth (z i−1 + z i )/2 and CS is the appropriate cumulative sensitivity function of McNeill (1980) for the particular coil configuration. Thus, s aERT values represent predictions of s a data measured with EMI. In our study, such data were available on two of the four blocks, allowing regressions to be obtained between the six measured conductivities for each EMI probe configuration and those predicted using the ERT data.
Inversion of Apparent electrical conductivity Data from electromagnetic Induction
Before any inversion of the EMI data, we first adjusted the six EMI conductivity measurements so that they matched those predicted using ERT data as described above (as in Lavoué et al., 2010) . The inversion on these data was conducted with a Bayesian Markov chain Monte Carlo (McMC) search-based algorithm model based on JafarGandomi and Binley (2013) . The inversion for each position within the field plots (Fig. 1a) was conducted assuming a one-dimensional s(z) model. The inversion used the McNeill (1980) cumulative sensitivity forward model (Eq. [1-3]). Search limits for the inversion were set using the mean, minimum, and maximum s a values for each date of site surveys, as recommended by Mester et al. (2011) .
The inversion reports a posteriori estimates of s(z) across a vertical profile of 2 m discretized into a minimum of two and maximum of three layers. Inversions were run for 20,000 iterations to achieve convergence. Conductivity values were then adjusted to a standardized temperature of 25°C (Campbell et al., 1949) to allow direct comparisons to be made between different dates.
ResULTs AnD DIscUssIOn soil and site characteristics
The potential soil moisture deficit (PSMD) was calculated from the difference between potential evapotranspiration (from the Penman-Monteith method for grass) and rainfall. During the study period, the PSMD increased with time (Fig. 3) .
Measurements of s and q v on laboratory samples revealed different relationships for the two soil types (Fig. 4) . Each showed a significant (p < 0.001) positive linear regression be- tween q v and s within the limits of the pressure vessel (maximum 450 kPa). More scatter was evident in the data from the Warren Field samples. The data from the clay-rich Warren Field soil had a smaller slope than that from the sandy Butt Close soil. Thus, for a given change in q g at each site, the change in s will be greater at the Warren Field site.
Predicting electromagnetic Induction Data from soil Profile conductivities Measured with electrical Resistivity Tomography
The six regressions between the EMI data predicted from ERT measurements and those measured are shown in Fig. 5 for each site. Grouped regression indicated that separate fits are needed for each of the coil configurations (P < 0.001). All of these relationships are statistically significant (P < 0.001), but the percentage of the variance accounted for varies between 34 and 83% ( Table 2 ). The better agreements are generally found on the loamy sand site (Butt Close). The poorest agreement is on the more conductive sandy clay loam (Warren Field) with measurements obtained with a horizontal coplanar mode and a 1.18 m coil separation. This configuration is sensitive to greater depths (see Fig. 2 ). This is consistent with the regressions of Lavoué et al. (2010) . The development of shrinkage cracks in the sandy clay loam may be in part responsible for the greater scatter for the Warren Field site; such cracks have been shown to adversely affect the performance of ERT (Ackerson et al., 2014) .
We used the correlations shown in Fig. 5 to adjust the six EMI conductivity measurements before they were used in the inversion routine. This allows the quantitative use of EMI for mapping electrical conductivity (Lavoué et al., 2010) . However, we do note that the agreement between predicted and measured EMI conductivities in 
electrical conductivity Profiles Predicted from Inversion of electromagnetic Induction Data
Examples of typical s(z) profiles obtained from the inversion of Butt Close and Warren Field EMI data (26 June 2014) are shown in Fig. 6 following JafarGandomi and Binley (2013) . In this example, we show the estimated a posteriori median s(z) models, the 98% confidence intervals of the posteriori distributions. The probability of estimated models is calculated using the McMC algorithm by discretizing the estimated models at 10-cm depth intervals and then calculating the normalized histogram per depth interval (i.e., density of values per 10-cm depth interval). Figure 6 shows the density of predicted s values per 10-cm depth interval in the chart color scale.
Our results show that s decreased at depth at both sites, although q g at depth was greater than or similar to those at the surface. This was particularly marked at Butt Close, where at depth (deeper than 40 cm) the soil is almost pure sand. On this site, the lower s at deep layers was almost certainly due to the lack of silt and clay (which would contribute to a surface conductivity). The change in s with depth at Warren Field was much smaller than it was at Butt Close. However, lower s in deeper layers at Warren Field is consistent with a lower porosity, despite a similar q g . These profile s data give a clear illustration of the difficulty of simply relating s to q g .
Interpretation of changes in electrical conductivity Due to Water Uptake by Wheat
The actual relationship between s and q g is different for the two soil types on Butt Close and Warren Field (Fig. 4) . By assuming that the change with time in bulk electrical conductivity (Ds) is dominated by the effects of q g , differences in s between 16 May and later dates reflect the change in q g . In Fig. 7 , comparisons are made between changes in s and changes in q g . From these observations it can be seen that there is greater agreement between changes in s and changes in q g for the earlier dates and that the agreement is better for the loamy sand soil at Butt Close (Fig. 7a) than it is for the clay loam at Warren Field (Fig. 7b) . The use of changes in s to indicate changes in q g is predicated on the assumption that a change in s is simply due to a change in the volume of fluid. The better agreement between changes in s and changes in q g at early dates and more generally on the sandier site at Butt Close (Table 3 ) may possibly be related to the effect of the conductivity of the pore water, which is likely to be greater on soils that are drier or have a greater clay content (Hilhorst, 2000) . Thus in dry or clay-rich soils, changes in bulk s, measured by EMI, may be confounded by increased pore water conductivity and less closely associated with changes in q g . Nevertheless, Fig. 8 and Table 3 support the approach of using changes in s determined from EMI inversion procedures to explore changes in q g with depth, although we did not find a single calibration that applied to all data sets in Fig. 7 .
The change in Ds with depth is different at the two sites. At Butt Close (Fig. 8a) , a drop in s during the measurement period is apparent in the upper 0.6 m, most notably in the top 0.3 m. This is consistent with more intense surface drying on this site due to root growth restricted to the surface layers as a result of the cemented layer 40 cm below the surface (Whalley et al., 2008) . At Butt Close, the relationship between the change in s and depth was not monotonic, and there was an anomaly at a depth of approximately 0.5 m, possibly due to the cemented layer. In contrast, at Warren Field the relationships between Ds and depth (Fig. 8b) were smooth and monotonic and lend themselves to curve fitting with ( ) ( )
where A, b, C, and M are fitting parameters; A and C are the asymptotes of the S curve, b controls the steepness of the transition between these asymptotes, and M defines the depth of inflection in the soil profile. This type of curve is consistent with the saturation depth curves modeled by Roose and Fowler (2004) for the water-limited condition. The value of M provides a useful parameter to make simple comparisons of the drying depth within the profile (Fig. 8c) . During the growth period, the depth of water extraction by roots increases (Gregory et al., 2013) . This is in agreement with an increase in M values with time, as plotted in Fig. 8c for the four wheat genotypes. Although the potential soil moisture deficit (for grass) continues to increase beyond July, the M values decrease (suggesting that the soil profile is wetting), Table 3 . The percentage of variance accounted for in the regression between the change in electrical conductivity and change in gravimetric water content plotted in fig. 7 . In all cases the fit to the data as significant at p < 0.001. which is consistent with crop senescence and a lower demand for water. The Dwarf wheat was the least effective at deep water uptake, which is probably due to a shallower rooting depth.
cOncLUsIOns
Using EMI measurements, we show that changes in conductivity are consistent with measured changes in soil water content in the root zone of wheat. On a sandy clay loam, the changes in conductivity were consistent with expected soil water profiles for water-limited conditions and also consistent with the progress of the crop from a vegetative stage, with high water demand, to a senesced condition with low water uptake. Differences in the inferred depth of water uptake were observed among the four wheat genotypes studied. On the loamy sand soil, with a cemented layer at a depth of approximately 0.4 m, water uptake appeared to be confined to the surface layers and controlled by soil lithological characteristics. On this site, drawing inferences about differences between root water uptake between wheat genotypes or the effect of growth stage is not possible, although the value of EMI as a tool to investigate soil-crop interactions is apparent.
